The refractory diborides (HfB 2 and ZrB 2 ) are considered as promising ultra-high temperature ceramic (UHTCs) where low damage tolerance limits their application for the thermal protection system in re-entry vehicles. In this regard, SiC and CNT have been synergistically added as the sintering aids and toughening agents in the spark plasma sintered (SPS) HfB 2 -ZrB 2 system. Herein, a novel equimolar composition of HfB 2 and ZrB 2 has shown to form a solid-solution which then allows compositional tailoring of mechanical properties (such as hardness, elastic modulus, and fracture toughness). The hardness of the processed composite is higher than the individual phase hardness up to 1.5 times, insinuating the synergy of SiC and CNT reinforcement in HfB 2 -ZrB 2 composites. The enhanced fracture toughness of CNT reinforced composite (up to a 196% increment) surpassing that of the parent materials (ZrB 2 /HfB 2 -SiC) is attributed to the synergy of solid solution formation and enhanced densification (~99.5%). In addition, the reduction in the analytically quantified interfacial residual tensile stress with SiC and CNT reinforcements contribute to the enhancement in the fracture toughness of HfB 2 -ZrB 2 -SiC-CNT composites, mandatory for aerospace applications.
Introduction
Carbon-carbon (C-C) composites are attractive materials for hypersonic flight vehicles but they oxidize in air at temperatures >500 • C and needs thermal protection systems (TPS) to survive aero-thermal heating [1] . Ultra high-temperature ceramics (UHTCs) are ideal for the use in TPS for the next generation hypersonic vehicles operating above 2000 • C in both neutral and oxidizing environment [2] . The UHTC ceramic coatings provides the oxidation protection of C-C composites and should be: (1) well-adhered to provide erosion resistance; (2) resist the diffusion of oxygen through coating and thus, the substrate; (3) mechanically compatible to prevent coating spallation due to the mismatch in the thermal expansion during harsh aero-thermal conditions; and (4) reliability and reproducibility during processing [1, 3] . Among UHTC family, zirconium diboride (ZrB 2 ) and hafnium diboride (HfB 2 ) owing to melting points above 3000 • C (3245 • C and 3380 • C, respectively), high electrical (1 × 10 7 S/m and 9.1 × 10 6 S/m, respectively) and thermal conductivity (60 W/mK and 104 W/mK, respectively), good chemical inertness and high wear resistance [4] emerge as leading candidate materials for the high-temperature structural applications in aerospace, refractory, and automotive sectors [5] .
As a result of the strong covalent bonding and low self-diffusion coefficients of ZrB 2 and HfB 2 , the obtainment of highly dense compacts has often required higher pressure (>20 MPa) and prolonged exposure of 2-3 h in atmosphere-controlled conventional furnaces at sintering temperatures The milled composite powders were then processed via spark plasma sintering (SPS, Dr. Sinter 515S, Kanagawa, Japan) at 1850 °C under a vacuum (<6 Pa) with the uniaxial pressure of 30 MPa and hold time of 10 min at a heating rate of 100 °C/min during the sintering cycle. Graphite dies and punches were used for fabricating pellets of 15 mm diameter and 5 mm thickness. The ram displacement data during the SPS sintering cycle is utilized to investigate the densification behavior. The instantaneous densification of the composites is analyzed using the formula [26] :
where, hf, df, and di are the thickness of sintered sample, maximum displacement, and instantaneous displacement during sintering, respectively. The final density was measured via Archimedes method on a hydrostatic balance using ethanol as an immersion media.
Phase, Microstructural and Mechanical Characterization
X-ray diffraction (XRD) pattern of SPS processed HfB2-ZrB2-SiC-CNT composites was obtained using Cu Kα radiation (λ = 1.54 Å, PANalytical Empyrean diffractometer, Tokyo, Japan) operating at 25 kV and 15 mA with a scan speed of 0.5 s/step and at a step size of 0.02° in the 2range from 20° to 90°. Further, the structural damage to CNT during processing was evinced using Nd-YAG green laser micro-Raman spectroscopy (λ = 532 nm, Princeton Instruments, Tokyo, Japan, STR Raman, TE-PMT detector) in the backscattering mode with an exposure of 10 s.
The microstructure of the ground and polished surface (using 0.1 m diamond suspension) of HfB2-ZrB2-SiC-CNT composites was observed using scanning electron microscope (SEM, Zeiss, Oberkochen, Germany, Model EVO 50). The energy dispersive X-ray analysis (EDX) at a point is used to confirm various phases in SPS processed HfB2-ZrB2-SiC-CNT composites. To see the structure of the CNTs, samples were fractured and observed using field emission SEM (FE-SEM, JEOL, JSM-7100F, Peabody, MA, USA). The milled composite powders were then processed via spark plasma sintering (SPS, Dr. Sinter 515S, Kanagawa, Japan) at 1850 • C under a vacuum (<6 Pa) with the uniaxial pressure of 30 MPa and hold time of 10 min at a heating rate of 100 • C/min during the sintering cycle. Graphite dies and punches were used for fabricating pellets of 15 mm diameter and 5 mm thickness. The ram displacement data during the SPS sintering cycle is utilized to investigate the densification behavior. The instantaneous densification of the composites is analyzed using the formula [26] :
where, h f , d f , and d i are the thickness of sintered sample, maximum displacement, and instantaneous displacement during sintering, respectively. The final density was measured via Archimedes method on a hydrostatic balance using ethanol as an immersion media.
X-ray diffraction (XRD) pattern of SPS processed HfB 2 -ZrB 2 -SiC-CNT composites was obtained using Cu Kα radiation (λ = 1.54 Å, PANalytical Empyrean diffractometer, Tokyo, Japan) operating at 25 kV and 15 mA with a scan speed of 0.5 s/step and at a step size of 0.02 • in the 2θ range from 20 • to 90 • . Further, the structural damage to CNT during processing was evinced using Nd-YAG green laser micro-Raman spectroscopy (λ = 532 nm, Princeton Instruments, Tokyo, Japan, STR Raman, TE-PMT detector) in the backscattering mode with an exposure of 10 s.
The microstructure of the ground and polished surface (using 0.1 µm diamond suspension) of HfB 2 -ZrB 2 -SiC-CNT composites was observed using scanning electron microscope (SEM, Zeiss, Oberkochen, Germany, Model EVO 50). The energy dispersive X-ray analysis (EDX) at a point is used to confirm various phases in SPS processed HfB 2 -ZrB 2 -SiC-CNT composites. To see the structure of the CNTs, samples were fractured and observed using field emission SEM (FE-SEM, JEOL, JSM-7100F, Peabody, MA, USA).
Load displacement curves for polished sintered HfB 2 -ZrB 2 -SiC-CNT pellets were measured via instrumented micro Vickers indenter of type V-I 51 (MHT, CSM instruments, Peseux, Switzerland) at a loading rate of 4 N/min and holding of 10 s at maximum load of 2 N. Fracture toughness was calculated at a load (P of 49 N) using Vickers indenter via universal hardness testing machine (FH-10, Tinius-Olsen Ltd., Salfords, UK) with a dwell time of 10 s. The crack lengths (c) from the center of indents were measured using SEM and fracture toughness was computed using Anstis' equation [27] :
where E is the elastic modulus and H is the hardness (measured experimentally) of HfB 2 -ZrB 2 -SiC-CNT composites. An average of ten values is reported for each composite. For evaluating the fracture toughness, indentation technique is not very suitable when compared with that of SENB method [28, 29] , but a similar trend of fracture toughness has been reported in literature [27, 30] . With reference from the study [31] , the indentation technique might not give the true fracture toughness values of the CNT reinforced composite, which may be attributed to minimal radial cracking in comparison to the observation of larger cracks in the composites without CNT reinforcement. The absence of cracking in the CNT reinforced composite via indentation is reasoned to their assisted shear deformation under the indenter [31] . For that matter it is important to be noted here that herein the indentation fracture toughness technique is used only as a "ranking parameter" towards comparing the toughness of processed HfB 2 -ZrB 2 -SiC-CNT composites. The measurement of the critical energy release rate (G IC ) is calculated using the following equation
where ν is the Poisson's ratio calculated using rule of mixture for all composites [7] .
Results and Discussion

Densification of HfB 2 -ZrB 2 -SiC-CNT Composites
The instantaneous relative density as a function of sintering temperature during SPS processing of HfB 2 -ZrB 2 -SiC-CNT composites is presented in Figure 2 . The addition of SiC in HfB 2 and ZrB 2 has led to nearly full densification (100% for H20S,~99% for Z20S) is attributed to the high thermal conductivity of SiC and its ability to sit near the grain boundary which aids densification, allowing the sintering to be faster and at lower temperatures [7, 12] . The densification was found to decrease in HZ20S (from ≤1% in H20S and Z20S to~4% in HZ20S, see Table 1 ) is commensurate with recent report in literature [23] which shows that the addition of HfB 2 in ZrB 2 increases porosity due to the occurrence of chemical reaction between them. On the other hand, further addition of CNT (i.e., HZ20S6C), increases the densification to~99.5% which is attributed to the high thermal conductivity of CNT [12, 32] . Moreover, carbon has long been used as a sintering aid for the densification of a ceramics, and it is often proposed that incorporation of carbon removes the native oxides on the surfaces of the non-oxide ceramics by interfacial reactions and promotes the densification [15] . 
Phase Analysis of HfB2-ZrB2-SiC-CNT Composites
The XRD pattern of HfB2-ZrB2-SiC-CNT composites shown in Figure 3 indicates the retention of the starting phases even after SPS processing. Due to the poor X-ray reflecting ability, SiC peak intensity appears low [22] in the XRD pattern ( Figure 3 ). In addition, no peak-shift in SiC phase is observed in all the processed SPS pellet when compared to that of starting powders, which confirms that SiC has not formed any solid solutions with HfB2/ZrB2 up to the processing temperature of 1850 °C. HZ20S and HZ20S6C composites show peak broadening and merging as shown in the marked region, Figure 3 indicating the formation of partial solid-solution as few peaks corresponding to the parent phases (HfB2/ZrB2) were also observed. Formation of HfB2-ZrB2 solid solution may be attributed to their nearly equal lattice parameters (a = 3.167 Å , c = 3.53 Å for ZrB2, and a = 3.165 Å and c = 3.51 Å for HfB2; calculated using Xpert high score plus software, 3.0.0.123, PANalytical, Tokyo, Japan) [33, 34] . In literature, Post et al [35] has also reported the complete mutual solubility in borides. 
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Microstructural Analysis of HfB 2 -ZrB 2 -SiC-CNT Composites
The surface morphology of the SPS processed HfB 2 -ZrB 2 -SiC-CNT composites, Figure 5 elucidates the uniform distribution of SiC and CNT phases (black color phase) in the matrix. Both samples, H20S (Figure 5a ) and Z20S (Figure 5b) show a highly dense structure with no porosity which is in accordance with that measured using Archimedes method (see Table 1 ). However, despite having the same initial grain size (<5 µm), ZrB 2 grains tend to grow bigger (~10-20 µm) when compared with HfB 2 (~7-10 µm), which is attributed to the similar sintering temperature (~1850 • C) during SPS when diffusivity of the two (ZrB 2 : 0.21 cm 2 /s and HfB 2 : 0.16 cm 2 /s [6] ) is different. Similar to the XRD analysis (Figure 3) , the formation of HfB 2 -ZrB 2 solid solution was evinced in HZ20S (Figure 5c ) and HZ20S6C (Figure 5d ) pellets. Along with the uniform distribution SiC sits at the intergranular regions of HfB 2 and ZrB 2 matrices (tightly encapsulated within the matrices, see inset of Figure 5a ,b) which might assist in enhancing the densification by occupying the pore volume and thus, mechanical properties. As seen from the microstructure (Figure 5c,d) , the (Hf,Zr)B 2 solid solution originates either from HfB 2 or ZrB 2 grains. HfB 2 grains appeared brighter while ZrB 2 grains appeared darker than the solid solution which supports the mutual solubility of borides at high temperature. Similar observation was reported by Silvestroni et al. for HfB 2 reinforced with ZrB 2 composites [34] . The porosity observed in HZ20S (Figure 5c ) decreases with CNT reinforcement (Figure 5d ) from~4% to~0.5% (see Figure 5e ) is due to the ability of CNT to fill the gap and occupy pores [38] . It can also be anticipated that HfB 2 has a negative effect on the densification of ZrB 2 -SiC composites, which is similar to the results obtained by Balak et al. [23] . The structure of the CNT is evident from the image shown in Figure 5f , and similar to SiC, CNT also sits at the intergranular regions of the HfB 2 -ZrB 2 system. Such observations supports enhancement in the mechanical properties of the material by mitigating the failure at higher load, studied in the following section. The EDX results confirms the presence of various phases in the HfB 2 -ZrB 2 -SiC-CNT composite (marked point in Figure 5e ), revealing that the dark gray grains are ZrB 2 (not shown here), light phases are of HfB 2 , SiC in Figure 5g , along with the formation of HfB 2 -ZrB 2 solid solution (Figure 5h) . The presence of carbon in the marked region in Figure 5f is also confirmed from the EDX shown in Figure 5i . 
Microstructural Analysis of HfB2-ZrB2-SiC-CNT Composites
The surface morphology of the SPS processed HfB2-ZrB2-SiC-CNT composites, Figure 5 elucidates the uniform distribution of SiC and CNT phases (black color phase) in the matrix. Both samples, H20S (Figure 5a ) and Z20S (Figure 5b) show a highly dense structure with no porosity which is in accordance with that measured using Archimedes method (see Table 1 ). However, despite having the same initial grain size (<5 m), ZrB2 grains tend to grow bigger (~10-20 m) when compared with HfB2 (~7-10 m), which is attributed to the similar sintering temperature (~1850 °C) during SPS when diffusivity of the two (ZrB2: 0.21 cm 2 /s and HfB2: 0.16 cm 2 /s [6] ) is different. Similar to the XRD analysis (Figure 3) , the formation of HfB2-ZrB2 solid solution was evinced in HZ20S ( Figure 5c ) and HZ20S6C (Figure 5d ) pellets. Along with the uniform distribution SiC sits at the intergranular regions of HfB2 and ZrB2 matrices (tightly encapsulated within the matrices, see inset of Figure 5a ,b) which might assist in enhancing the densification by occupying the pore volume and thus, mechanical properties. As seen from the microstructure (Figures 5c,d) , the (Hf,Zr)B2 solid solution originates either from HfB2 or ZrB2 grains. HfB2 grains appeared brighter while ZrB2 grains appeared darker than the solid solution which supports the mutual solubility of borides at high temperature. Similar observation was reported by Silvestroni et al for HfB2 reinforced with ZrB2 composites [34] . The porosity observed in HZ20S ( Figure 5c ) decreases with CNT reinforcement (Figure 5d ) from ~4% to ~0.5% (see Figure 5e ) is due to the ability of CNT to fill the gap and occupy pores [38] . It can also be anticipated that HfB2 has a negative effect on the densification of ZrB2-SiC composites, which is similar to the results obtained by Balak et al [23] . The structure of the CNT is evident from the image shown in Figure 5f , and similar to SiC, CNT also sits at the intergranular regions of the HfB2-ZrB2 system. Such observations supports enhancement in the mechanical properties of the material by mitigating the failure at higher load, studied in the following section.The EDX results confirms the presence of various phases in the HfB2-ZrB2-SiC-CNT composite (marked point in Figure 5e ), revealing that the dark gray grains are ZrB2 (not shown here), light phases are of HfB2, SiC in Figure 5g , along with the formation of HfB2-ZrB2 solid solution (Figure 5h) . The presence of carbon in the marked region in Figure 5f is also confirmed from the EDX shown in Figure 5i . 
Mechanical Characterization of HfB2-ZrB2-SiC-CNT Composites
The structural integrity of the processed composite is evaluated using instrumented indentation technique. The load-displacement curves (see Figure 6 ) of HfB2-ZrB2-SiC-CNT composites were utilized to calculate hardness, Young's modulus and plasticity index of HfB2-ZrB2-SiC-CNT composites, tabulated in Table 2 . The hardness of the composites is found to be higher (up to 144% for HZ20S6C sample) than that calculated using rule of mixture (ROM), see Table 2 . This is due to the limitation of ROM which doesn't account for the microstructural features such as porosity, distribution of various phases, and interfaces governing the mechanical properties of a composite material. Such a behaviour establishes the synergy of reinforcement (SiC and CNT) and solid solution formation in HfB2-ZrB2 system. The hardness of the SPS processed H20S and Z20S is found to be 23.4 GPa and 23.6 GPa, respectively, is higher than the values reported for hot pressed samples (i.e., ~20.5 GPa for H20S and ~18.1 GPa for Z20S) [39] . This is attributed to the highly dense structure of HfB2 and ZrB2 with SiC reinforcement (porosity ≤ 1%) establishing the efficacy of the SPS technique in getting dense microstructure with superior mechanical properties of HfB2/ZrB2 based composites. In HZ20S samples, the formation of a solid solution should further increase the hardness, but, porosity has played a dominant role and has marginally decreased the hardness to 20.4 GPa. Further, synergistic interplay of CNT addition which acted both as a sintering aid (porosity decreases to ~0.5%) and toughening agent (shown later in this section); and (Hf,Zr)B2 solid solution led HZ20S6C sample to show highest hardness (~28.1 GPa) in the current system. Similar to hardness, the elastic modulus showed a minimum value for the HZ20S sample (425 GPa) and maximum for the HZ20S6C 
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Sample ID Hardness (GPa)
Based on the maximum depth (hm) and final depth (hf) of indentation, the plasticity index (re) i.e. the elastic recovery and the resistance to deformation (rd) for HfB2-ZrB2-SiC-CNT composites have been calculated using the following expression:
The increase in the elastic recovery (0.560-0.666, see Table 2 ) and decrease in the resistance to deformation (0.440-0.335, see Table 2 ) has resulted in the higher hardness and modulus of the HZ206C composite.
The fracture toughness of the SiC reinforced HfB2 and ZrB2 was observed to be 5.2 MPa·m 0.5 and 5.7 MPa·m 0.5 , respectively, which is higher than the values reported in literature for SPS processed H20S (3.35 MPa·m 0.5 ) and Z20S (3.91 MPa·m 0.5 ) samples (the toughness was measured using indentation technique at a load of 49 N) [44] . The fracture toughness further increased to 8.7 MPa·m 0.5 with SiC addition and 10.2 MPa·m 0.5 with synergistic addition of SiC and CNT both in HfB2-ZrB2 system revealing the synergy of SiC and CNT as a toughening agent [7] and (Hf,Zr)B2 solid solution Taking hardness of HfB 2 = 18 GPa [40, 41] , ZrB 2 = 15 GPa [5] , SiC = 28 GPa [42] , and CNT = 15 GPa (along radial direction) [43] .
Based on the maximum depth (h m ) and final depth (h f ) of indentation, the plasticity index (r e ) i.e., the elastic recovery and the resistance to deformation (r d ) for HfB 2 -ZrB 2 -SiC-CNT composites have been calculated using the following expression:
The fracture toughness of the SiC reinforced HfB 2 and ZrB 2 was observed to be 5.2 MPa·m 0.5 and 5.7 MPa·m 0.5 , respectively, which is higher than the values reported in literature for SPS processed H20S (3.35 MPa·m 0.5 ) and Z20S (3.91 MPa·m 0.5 ) samples (the toughness was measured using indentation technique at a load of 49 N) [44] . The fracture toughness further increased to 8.7 MPa·m 0.5 with SiC addition and 10.2 MPa·m 0.5 with synergistic addition of SiC and CNT both in HfB 2 -ZrB 2 system revealing the synergy of SiC and CNT as a toughening agent [7] and (Hf,Zr)B 2 solid solution in enhancing the toughness. The critical energy release rate (G IC , see Table 2 ), which reckons the energy required to propagate a crack in the material, increases from 57.1 J·m −2 for H20S, to 63.0 J·m −2 for Z20S, to 176.8 J·m −2 for HZ20S and to 192.6 J·m −2 for HZ20S6C. Such a behavior can mitigate the failure at higher load by arresting the crack path making HZ20S6C a promising material where damage tolerance is an issue.
Effect of Residual Stress on the Mechanical Properties of HfB 2 -ZrB 2 -SiC-CNT Composites
The mechanism which governs the toughness of a composite material depends on: Tendency of crack bridging; micro-cracking due to misfit between coefficient of thermal expansion (CTE) which introduces stress field and residual stress due to difference in CTE of reinforcement (SiC and CNT); and matrix, which creates local compressive stress field in the matrix, thus, decreasing the stress intensity factor. Ignoring the effect of size and distribution of secondary phases (SiC and CNT), the generation of interfacial residual stresses in the material has been analytically computed. The linear CTE of a composite (assuming that each phase to be isotropic), computed by Levin, Rosen, and Hashin [45] , is provided as:
where α, K, G and f are CTE, bulk modulus, shear modulus and volume fraction with subscript "m" and "r" set for matrix and reinforcement, respectively. Considering that
and lower (K u ) bounds of bulk modulus can be obtained from Hashin-Shtrikman (HS) bounds [46] . Under such conditions, the above Equation (6) is modified to calculate both the upper (α eff ) u and lower bounds (α eff ) l of CTE in the following manner:
The values of ν (taken as 0.12, 0.11, 0.14 and 0.17, respectively for HfB 2 , ZrB 2 , SiC, and CNT), α (taken as 6.3 × 10 −6 K −1 , 5.9 × 10 −6 K −1 , 3.5 × 10 −6 K −1 , and 2.5 × 10 −6 K −1 , respectively for HfB 2 , ZrB 2 , SiC, and CNT), K (taken as 230 GPa, 229 GPa, 234 GPa, and 190 GPa, respectively for HfB 2 , ZrB 2 , SiC, and CNT) and G (taken as 212 GPa, 211 GPa, 41 GPa, and 150 GPa, respectively for HfB 2 , ZrB 2 , SiC, and CNT) used for calculations have been taken from the literature [4, 6, 7] . Since, the composites are being cooled from the final densification temperature (1850 • C) to room temperature; the matrix (HfB 2 , ZrB 2 , and equal proportions of both) tends to shrink faster than the reinforced particles (SiC and CNT) leading to compressive stress in the reinforced particles, σ r and tensile stress state in the matrix, σ m as evaluated using Taya's model [47] , tabulated in Table 3 . The quantification of such thermal residual stresses is necessitated at high temperature during processing (taken as ∆T = 1400 • C [6] ) where these stresses develop.
where, E r , E m , ν r and ν m are the Young's modulus and Poisson's ratio (calculated using ROM [7, 17] ) of the reinforcement and matrix respectively; ε is the thermal expansion misfit strain and ∆T is the temperature at which stresses begin to accumulate (set as 1400 • C) [48, 49] . Young's modulus for the reinforced phase, E r is estimated by ROM, utilizing modulus of matrix (HfB 2 /ZrB 2 /equal vol % of both) and composite (E c ) as presented in Table 2 . It is elucidated from Table 3 that the addition of secondary phase (SiC and CNT) introduce an interfacial stress (compressive in the reinforcement and tensile in the matrix), which provides enhanced structural integrity and toughness [12] . The increase in the interfacial compressive stress in the reinforcement (from 29. HZ20S6C) . The schematic illustration of the effect of SiC and CNT reinforcement on the microstructural evolution of HfB 2 , ZrB 2 , and HfB 2 -ZrB 2 (1:1) system is elucidated in Figure 7 . The propagation of the crack and its closure is restricted (for enhancement in the toughness) is attributed to the highly dense microstructure (≤1% porosity) and presence of SiC in H20S (Figure 7a ) and Z20S (Figure 7b ) which dissipate the energy via crack deflection mechanism, microstructurally shown in Figure 7e [7, 12] . Analogous to solid solution strengthening mechanism in metal alloys, the solid solution formation of HfB 2 -ZrB 2 (in HZ20S and HZ20S6C samples, see Figure 7c ,d) create a local stress field which then mitigates the crack propagation along with the active bending and branching mechanism of SiC particle (Figure 7e ), leading to an increase in the toughness when compared with H20S and Z20S (see Table 2 ). Further, the solid solution samples (HZ20S and HZ20S6C samples) show the presence of fine grains (Figure 5c -e) when compared with parent materials (H20S and Z20S samples, Z20S sample showed very large grains, see Figure 5a ,b). The fine grains may serve as the energy-dissipation zone supporting the higher indentation toughness in solid solution samples [50] . Apart from this, the presence of CNT in the HZ20S6C sample enhances the fracture toughness via well-established CNT pull-out, deflection and branching mechanisms (shown in Figure 7f ). Hence, it can be anticipated that the synergy of reinforcements (SiC and CNT) which act as a sintering aid and toughening along with the solid solution strengthening of (Hf,Zr)B 2 alleviate the crack propagation making HZ20S6C sample a viable structural material for aerospace application.
energy-dissipation zone supporting the higher indentation toughness in solid solution samples [50] . Apart from this, the presence of CNT in the HZ20S6C sample enhances the fracture toughness via well-established CNT pull-out, deflection and branching mechanisms (shown in Figure 7f) . Hence, it can be anticipated that the synergy of reinforcements (SiC and CNT) which act as a sintering aid and toughening along with the solid solution strengthening of (Hf,Zr)B2 alleviate the crack propagation making HZ20S6C sample a viable structural material for aerospace application. 
Conclusions
Novel HfB2-ZrB2-SiC-CNT composites were densified to >96% of relative density using SPS at 1850 °C. The results showed that HfB2 and ZrB2 diffuses mutually to form (Zr,Hf)B2 solid solution, which enhances the fracture toughness of the material (HZ20S: 8.7 MPa·m 0.5 ) when compared with H20S (5.2 MPa·m 0.5 ) and Z20S (5.7 MPa·m 0.5 ). The reinforcement of CNT (as HZ20S6C) and has led towards achieving the toughest ceramic (10.2 MPa·m 0.5 ) in HfB2-ZrB2 system. The hardness of the processed composites is higher than the individual phase hardness (assessed using ROM), which establishes the synergy of SiC and CNT in enhancing the mechanical performance of HfB2-ZrB2 composites (HZ20S6C), attributed to the (Zr,Hf)B2 solid solution strengthening and enhanced densification with CNT reinforcement. The study reveals that the reinforcement generate interfacial residual stresses during processing which, then governs the strength of HfB2-ZrB2-SiC-CNT composites, making it mandatory for re-entry space structures where damage tolerance is an issue.
